Driver sleepiness studies are often carried out with alert drivers during daytime and sleep-deprived drivers during night-time. This design results in a mixture of different factors (e.g. circadian effects, homeostatic effects, light conditions) that may confound the results. The aim of this study was to investigate the effect of light conditions on driver sleepiness. Thirty young male drivers (23.6 AE 1.7 years old) participated in a driving simulator experiment where they drove on a rural road. A 2 9 2 design was used with the conditions daylight versus darkness, and daytime (full sleep) versus night-time (sleep deprived). The results show that light condition had an independent effect on the sleepiness variables. The subjective sleepiness measured by Karolinska Sleepiness Scale was higher, lateral position more left-oriented, speed lower, electroencephalogram alpha and theta higher, and blink durations were longer during darkness. The number of line crossings did not change significantly with light condition. The day/night condition had profound effects on most sleepiness indicators while controlling for light condition. The number of line crossings was higher during night driving, Karolinska Sleepiness Scale was higher, blink durations were longer and speed was lower. There were no significant interactions, indicating that light conditions have an additive effect on sleepiness. In conclusion, Karolinska Sleepiness Scale and blink durations increase primarily with sleep deprivation, but also as an effect of darkness. Line crossings are mainly driven by the need for sleep and the reduced alertness at the circadian nadir. Lane position is, however, more determined by light conditions than by sleepiness.
Driver sleepiness studies are often carried out with alert drivers during daytime and sleep-deprived drivers during night-time. This design results in a mixture of different factors (e.g. circadian effects, homeostatic effects, light conditions) that may confound the results. The aim of this study was to investigate the effect of light conditions on driver sleepiness. Thirty young male drivers (23.6 AE 1.7 years old) participated in a driving simulator experiment where they drove on a rural road. A 2 9 2 design was used with the conditions daylight versus darkness, and daytime (full sleep) versus night-time (sleep deprived). The results show that light condition had an independent effect on the sleepiness variables. The subjective sleepiness measured by Karolinska Sleepiness Scale was higher, lateral position more left-oriented, speed lower, electroencephalogram alpha and theta higher, and blink durations were longer during darkness. The number of line crossings did not change significantly with light condition. The day/night condition had profound effects on most sleepiness indicators while controlling for light condition. The number of line crossings was higher during night driving, Karolinska Sleepiness Scale was higher, blink durations were longer and speed was lower. There were no significant interactions, indicating that light conditions have an additive effect on sleepiness. In conclusion, Karolinska Sleepiness Scale and blink durations increase primarily with sleep deprivation, but also as an effect of darkness. Line crossings are mainly driven by the need for sleep and the reduced alertness at the circadian nadir. Lane position is, however, more determined by light conditions than by sleepiness.
IN TROD UCTI ON
Many drivers experience driver fatigue, a condition that causes crashes and results in severe injuries and fatalities (Connor et al., 2002; Maycock, 1996; McCartt et al., 1996; Stutts et al., 2003) . Increased risks have been reported when driving at night or in the early morning hours ( Akerstedt et al., 2001; Connor et al., 2002; Horne and Reyner, 1995) . The main reasons are sleepiness due to sleep loss, being awake for too long, and driving during the circadian low ( Akerstedt et al., 2008) . An additional factor that may elevate the level of sleepiness when driving at night is darkness, a topic that will be investigated in the present paper.
The effect of light exposure on the arousal level in general has been well documented (Cajochen, 2007; Kaida et al., 2006) . For example, light increases subjective and objective alertness (Figueiro et al., 2007; Lockley et al., 2006; Ruger et al., 2006) , enhances cognitive performance (Lockley et al., 2006; Ruger et al., 2006; Thessing et al., 1994) , and suppresses electroencephalogram (EEG) theta activity (Cajochen et al., 2000) . In a clinical setting, bright light is commonly used for antidepressant therapy to treat seasonal affective disorder (Golden et al., 2005) or for resetting internal biological clocks (Okawa et al., 1998) . In a work setting, bright light is effective in controlling workers' arousal level in the night-time (Boivin and James, 2005) . In a driving setting, where it is not possible to use artificial bright light as a countermeasure, low-intensity blue light exposure has been shown to promote alertness (Phipps-Nelson et al., 2009; Taillard et al., 2012) , especially in combination with caffeine (Shekari Soleimanloo, 2016) .
The effect of light conditions, in terms of daylight and darkness, is, however, heavily understudied in the driver sleepiness literature. One reason for this may be due to mere practicalities when designing the studies. A common study setup is to compare drivers when they are in a supposedly alert condition versus a sleep-deprived condition Otmani et al., 2005; Philip et al., 2005) . The drivers are then often fully rested in the day drive condition and sleep-deprived during the night drive condition. There are many consequences of such a design. One consequence is that there is confounding between the sleep-related factor day versus night and between the homeostatic factor full sleep versus sleep deprived. Another consequence is that there is an influence of time on task and boredom. A third consequence is that the alert condition is sampled in daylight while the sleep-deprived condition is sampled in darkness (in real road studies), or that both conditions are sampled in simulated daylight conditions (in driving simulator studies).
The aim of this study is to investigate the effect of light conditions on driver sleepiness. The study was carried out in a high-fidelity moving-base driving simulator, and involved driving repeatedly on a rural road both in simulated daylight and in simulated darkness, during daytime (full sleep condition) and during night-time (sleep-deprived condition). The hypothesis was that higher levels of sleepiness would be reached in simulated darkness compared with daylight.
MATERI ALS AND METHODS
Thirty participants (23.6 AE 1.7 years) were randomly selected from the Swedish register of vehicle owners. A homogenous group was sought to better isolate the effect of light condition, and young drivers (18-25 years old) were chosen because they are overrepresented in sleep-related crashes (Filtness et al., 2012; Lowden et al., 2009; Stutts et al., 2003) . To minimize confounding by menstrual cycles or contraceptives, only males were selected. In addition, individuals with relatively normal sleep patterns were included, that is, individuals without any sleep disorder, with day work and with normal body mass index < 30 kg m À2 (to reduce the risk of sleepiness due to obstructive sleep disorders). Distinctive morning types were excluded to avoid high levels of sleepiness in the daytime condition that stretched into the evening hours. Inclusion also required normal sensitivity to stressful situations, normal range extraversion/introversion, and lack of proneness to kinetosis to avoid simulator sickness. These latter criteria were included to reduce first encounter effects, to reduce the risk of drop outs, and to increase the likelihood that the participants have the same ambition throughout the experiment series. Before arrival, the participants were requested to avoid alcohol for 72 h, and to abstain from nicotine and caffeine for 3 h before driving. During their stay at the laboratory, the participants were offered snacks and noncaffeinated drinks. The study was approved by the local ethics committee in Link€ oping (Dnr 2014/309-31) . The study took place in a high-fidelity moving-base driving simulator (VTI Driving Simulator 3; Fig. 1 ) at the Swedish National Road and Transport Research Institute (VTI) in Link€ oping. By moving, rotating or tilting the car body and the projector screens, acceleration and deceleration forces in either direction can be simulated. Six projectors are used for visualization of the frontal view with a horizontal field of view of 120 degrees. The illuminance in the simulator, measured at the driver's eye position, was 0.15 lux during simulated night and 7.0 lux during simulated day. These illuminance levels are typical for a driving simulator, but much lower than the 20 000 lux that can be expected on a real road in full daylight (Anund et al., 2016) . That said, the marginal effect of illumination on alertness rapidly diminishes, and already 100 lux prevents the night-time increase in subjective and objective sleepiness (Cajochen et al., 2000) .
Design and procedure
The participants visited the laboratory on six separate occasions, three times during daytime and three times during night-time. The study had a within-subject design, and two drivers participated in parallel each day and each night. The day sessions (full sleep) were run between 12:30 and 21:15 hours, and the night sessions (sleep deprived) were run between 22:00 and 06:15 hours. The participants were instructed to sleep for at least 7 h during the 3 days before the trials, to go to bed no later than 24:00 hours, and to get up no later than 09:00 hours.
Upon arrival at the laboratory, the participants were informed about the study, signed an informed consent form, and filled in a general questionnaire about what they had been eating, drinking and doing the hours before arrival. After that, electrodes for the physiological measurements were posed. A post-drive questionnaire was filled in after each drive.
The experiment was set up with the intention to investigate driver sleepiness in terms of light conditions (daylight/darkness), traffic environment (rural/suburban) and consistency (three identical repetitions for each driver). The participants drove three simulated scenarios on each of their six visits: (i) a rural road with a speed limit of 80 km h À1 in daylight; (ii) the same rural road in darkness; and (iii) a suburban road in daylight with high traffic density and a speed limit of 60 km h À1 . Data from scenarios (i) and (ii), where the same road was driven in daylight and in darkness, were used in the present paper. Results related to the traffic environment [comparing scenarios (i) and (iii)] and results concerning consistency (comparing the six repetitions of the experiment)
are not relevant for the research questions at hand, and will be reported elsewhere. The order of the three scenarios was randomized between participants, but to be able to compare data between the six visits, the order of the scenarios was held constant within participants. Each scenario lasted for 30 min, with 1.5 h of rest in between each drive (Fig. 2) . Before the first drive on each visit, a baseline recording of the physiological measures was made when the participant was seated in the simulator and instructed to focus on a point on the projection screen in the simulator for 5 min. Data from the suburban road were excluded because this scenario was only driven in simulated daylight. Also, data from the first daytime visit and first nighttime visit were excluded to eliminate first encounter effects. Four drivers had to be excluded as they repeatedly failed to adhere to the requirements on prior sleep during the preceding 3 days. In total, 540 drives were conducted (30 drivers 9 6 occasions 9 3 scenarios), and 208 of these drives are used in the present setup (26 drivers 9 4 occasions 9 2 scenarios).
Sleepiness indicators
Subjective, physiological and driving behaviour measurements related to sleepiness were acquired during the 30-min drives. The Karolinska Sleepiness Scale (KSS; Akerstedt and Gillberg, 1990) was used to acquire self-reported sleepiness every fifth minute during the drives. The value reported corresponds to the average feeling during the last 5 min. All sleepiness indicators were calculated as averages within these 5-min KSS epochs, thus providing six data points per drive.
An electrooculogram (EOG) and a 30-channel EEG were recorded using a multi-channel amplifier with active electrodes (g.HIamp, g.tec Medical Engineering GmbH, Austria). The EEG electrodes were positioned according to the 10-20 system, and the EOG electrodes were positioned vertically across the left eye. The right earlobe was used as a reference (A2). Only data from the Cz-A2 derivation (central position on the nasion-inion midline) will be presented here. The EOG and EEG signals were acquired with a sampling ª 2017 European Sleep Research Society rate of 256 Hz, band-pass filtered between 0.5 and 60 Hz using an 8th order Butterworth filter, and notch filtered to remove 50 Hz line noise. Before each drive, the impedance was checked, and the electrodes were adjusted and filled with more conductive gel if needed. An automated algorithm based on wavelet analysis, independent component analysis and thresholding was applied to reduce the impact of especially eye movement and muscle artefacts in the EEG (Daly et al., 2015) .
Welch's power spectral density estimate, using a time window of 4 s and a 50% overlap, was used to calculate the total power in the 5-9 Hz theta frequency range and in the 8-14 Hz alpha frequency band. These two frequency bands were selected because an increase in the 5-9 Hz frequency range has been put forward as a sign of sleep need (Aeschbach et al., 1997; Cajochen et al., 1995) , and an increase in alpha content has been found to be a robust indicator of sleepiness in a driving setting (Kecklund and Akerstedt, 1993; Simon et al., 2011) .
Blink durations were derived from the vertical EOG with an automatic blink detection algorithm based on derivatives and thresholding (Jammes et al., 2008) . To reduce problems with concurrence of eye movements and blinks, the blink duration was calculated at half the amplitude of the upswing and downswing of each blink, and defined as the time elapsed between the two. Although the effect size is often small, increased blink durations has been found for increasing levels of driver sleepiness in essentially all studies where blink duration has been measured ( Akerstedt et al., 2005; Schleicher et al., 2008) .
The effect of light conditions was also evaluated in terms of driving performance: speed, lateral position and line crossings. Sleep-deprived drivers have been found to drive slower Sandberg et al., 2011) , closer to the centre of the road (Hallvig et al., 2014; Sandberg et al., 2011) , and with a higher frequency of line crossings ( Akerstedt et al., 2005; Fairclough and Graham, 1999; Hallvig et al., 2014; Otmani et al., 2005) . Driving performance measures were acquired at 10 Hz. The lateral position takes negative values to the right and positive values to the left, with respect to the direction that the vehicle is heading. A lateral position of zero means that the vehicle is driving in the centre of the lane. Line crossings were defined to occur when half the vehicle was outside the lane.
Statistical analyses
The sleepiness indicators were analysed using a mixedmodel four-factor analysis of variance (ANOVA) using light condition (daylight or darkness), day/night condition and time-on-task (the six segments in each drive). Participant (1-30) was used as a random factor. Two-way interactions between light condition, day/night condition and time on task were included. The key effects of interest are related to light condition and its interactions with the other factors. Seven separate ANOVAs were used to analyse KSS, blink duration, EEG theta, EEG alpha, line crossings, lateral position and speed.
To understand whether changes in the physiological and behavioural variables were related to awareness of sleepiness, an additional set of ANOVAs was conducted using light condition and sleepiness level (KSS ≤ 5, 6 ≤ KSS ≤ 7 and KSS ≥ 8) as factors. Participant was included as a random factor.
Data from the four different visits to the laboratory (excluding the first daytime and night-time visit) were included in the analyses. The significance level was set to 0.05, and Bonferroni correction was used to compensate for multiple comparisons. Data preparation and statistical analyses were done in Matlab 9.0 (The Mathworks, Natick, MA, USA).
RESULTS
The difference between daylight and darkness was significant for KSS, blink duration, EEG theta power, EEG alpha power, lateral position and speed ( Fig. 3 ; Table 1 ). In simulated darkness, compared with simulated daylight, the drivers reported higher KSS values (0.5 units higher), had longer blink durations (14 ms longer), higher EEG alpha (0.001 V 2 s higher) and theta content (0.001 V 2 s higher), and drove slower (0.9 km h À1 slower) and closer to the centre of the road (5 cm closer). There were no significant two-way interactions.
The day/night condition caused significant changes in all indicators except theta content and lateral position. KSS increased by 2.1 units during night-time, blink durations were 39 ms longer, alpha content decreased by 0.001 V 2 s, the amount of line crossings increased by 2.1, and the speed decreased by 1.2 km h
À1
. There was also an increase in the signs of sleepiness due to time on task on all indicators.
The relation between self-reported sleepiness and physiological and behavioural variables was significant for all variables, except EEG alpha power ( Fig. 4; Table 2 ). In particular, blink durations were strongly increased at high sleepiness levels, as was the number of line crossings. Speed decreased significantly with higher sleepiness, and this decrease was more pronounced in darkness.
DISCUSSION
The results show that light condition had an independent effect on the sleepiness variables. In particular, the KSS was higher, lateral position more left-oriented, speed lower, EEG alpha and theta higher, and blink durations longer during darkness. The number of line crossings did not Effect of daylight/darkness on driver sleepinesschange significantly with light condition. Also, the day/night condition had profound effects on most sleepiness indicators while controlling for light condition. Thus, KSS and number of line crossings were higher during night driving, and blink durations were longer and speed lower. The results are similar to many previous studies ( Akerstedt Results regarding the interaction between light condition and day/night condition are also included. Participant is included as a random factor. Significant differences at the 0.05 level (0.007 after Bonferroni correction) are marked in grey. EEG, electroencephalogram; KSS, Karolinska Sleepiness Scale. et al., 2014) but, in the present study, light was controlled for as a separate factor. Even if the sleepiness indicators generally change in the same direction when manipulating the two main factors, there are discrepancies in the results between the daylight/ darkness manipulation versus the day/night manipulation. Night driving had a much larger effect on KSS (2.1 units higher during night-time) than darkness (0.5 units higher during darkness). The case was the same for blink duration (39 ms longer during night-time compared with 14 ms longer during darkness), speed (1.2 km h À1 slower during nighttime compared with 0.9 km h À1 slower in darkness) and particularly line crossings, which were not significantly affected by light (2.1 line crossings more during night-time compared with 0.06 line crossings more during darkness). This suggests that line crossings are mainly driven by the need for sleep and the reduced alertness at the circadian nadir (Hallvig et al., 2014) , and not by low light levels. The same arguments also apply to KSS and blink durations, whereas the opposite seems true for lane position, which was mainly driven by the light condition. Previous simulator studies have also found a lack of effect of time of day on lateral position (Anund et al., 2008a,b) . Studies of real driving have, however, found a clear move to the left in the lane during night driving ( Akerstedt et al., 2013; Hallvig et al., 2014; Sandberg et al., 2011 ). An open question in those studies was whether this shift towards the centre of the road came from a desire to stay clear of the edge of the road during darkness or from a desire to increase the safety margins when feeling sleepy. The results from this study suggest that lane position is more determined by light conditions than by sleepiness. Speed seems to have been affected by both night and dark driving, and is probably due to a combination of the two factors. Finally, the EEG alpha and theta activity had similar F-ratios for night-driving and darkness, but the actual changes in alpha and theta content were small. Fig. 3 reveals a trend with increasing theta content for increasing time on task during night-time driving in darkness, but this finding is not significant. The time on task effect was significant for all variables and described a pattern of increase in sleepiness indicators towards the end of the drive. This is similar to what has been found in many other simulator studies . The exception is, however, lateral position and speed. The former showed a U-shaped pattern across the drive, with a reduction (move to the left) at mid-drive. This U-shape is probably an effect of the simulated countryside, which shifted from woodland with low-to medium-density forests to open agricultural land with brittle straws of cereals and then back to woodland. This behavioural change due to the surrounding landscape is in agreement with previous studies (Antonson et al., 2009) . Speed increased during daytime driving but decreased during night-time driving in the dark. Possibly, the pattern may be one of increased caution related both to sleepiness and darkness at night, as suggested in previous papers with regard to night driving (Hallvig et al., 2014; Sandberg et al., 2011) .
The relationship between KSS ratings and the other variables clearly showed a strong increase in blink duration and line crossings with increasing sleepiness (Fig. 4 ; Table 2 ). This has been demonstrated in several prior studies , and seems to hold also for theta power. In this study, these patterns are similar for driving both in darkness and in daylight. Speed decreased with increasing sleepiness when driving in darkness, but not when driving in daylight (significant interaction). This supports the notion that with increasing sleepiness the driver tends to reduce speed, but only in darkness. This is suggestive of increased caution under such conditions. The other variables did not show a clear relation to self-reported sleepiness.
The simulator has previously been validated in terms of driver sleepiness (Fors et al., 2016; Hallvig et al., 2013) . The validation studies show that drivers become sleepier in the simulator than on the real road, but that the general trends of increasing sleepiness after sleep deprivation and after prolonged driving time are similar in the simulator as on a real road (Fors et al., 2016; Hallvig et al., 2013) . Despite this, one major limitation with the simulator in the present study is the very modest light level that is used in the daylight condition. On a real road, the typical illuminance measured at the driver's eye position is about 1 lux during night-time and about 20 000 lux in full daylight. In the daylight condition in the simulator, the measured illuminance was only 7.0 lux, Participant is included as a random factor. Significant differences at the 0.05 level (0.008 after Bonferroni correction) are marked in grey. EEG, electroencephalogram.
ª 2017 European Sleep Research Society which is typical for driving simulators in general, not just for the one used here (Anund et al., 2016) . This may be one of the reasons why drivers become sleepier in the simulator than on the real road. The low light level in the simulator may disturb the circadian rhythm and thus possibly trigger sleepiness. The present results should thus not be generalized to real driving under normal daylight conditions. However, because an additive effect of darkness on sleepiness could be demonstrated in an experimental setting where the difference in light level was relatively small, it is reasonable to expect that there are effects of light also in real driving, as the differences in light levels are much larger.
CONCLUSI ON S
This study has shown that indicators of subjective, behavioural and physiological sleepiness increase with reduced light, except for line crossings. However, effects of night driving are stronger, except for lateral position. Light and time of day did not interact. All indicators also increased with time on task. Thus, light is an important additional factor to consider in driver sleepiness studies.
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